Abstract: Atmospheric acidification brought about the extinction of several species of planktonic Crustacea in lakes of the Bohemian Forest (Šumava, Böhmerwald). The recent reversal in chemical parameters of lake water towards pre-acidification values raises the question whether the return of missing species is possible. We have designed a bioassay to test water from different lakes for the survival of Daphnia longispina, which inhabited the lakes under study but disappeared from those most affected by acidification. The bioassay showed the best survival in water from Plešné Lake, one of those where Daphnia and Cyclops became extinct. A large-scale experiment was conducted by transplanting Daphnia longispina (Crustacea, Cladocera) and Cyclops abyssorum (Crustacea, Copepoda) from Prášilské Lake, where they have survived until the present, to Plešné Lake. One year later, a successful reintroduction was confirmed for Cyclops abyssorum.
Introduction
Eight small headwater lakes of glacial origin are situated on forested slopes of the Bohemian Forest (Šu-mava, Böhmerwald) along the border between Bavaria and Bohemia. Owing to 135 years of occasional hydrobiological research and palaeolimnological studies, we are able to document historical changes in both the lake water chemistry as well as the composition of aquatic fauna (Vrba et al., 2000 (Vrba et al., , 2003 (Vrba et al., , 2004 Nedbalová et al., 2006; Pražáková et al., 2006) .
Like the whole region of Central Europe, the Bohemian Forest was exposed to heavy atmospheric pollution during the last century. Regional emissions of sulphur and nitrogen compounds reached up to ∼280 mmol m −2 yr −1 between World War II and the 1980s (Kopáček et al., 2001 (Kopáček et al., , 2002 . The high acid deposition on small steep catchments covered with thin soils lying on bedrock resistant to weathering led to considerable acidification of lakes and impoverishment of the biota. Not only fish, but also species of zooplankton (Crustacea) and zoobenthos (Ephemeroptera and Plecoptera) disappeared in the most affected lakes (Fott et al., 1994; Vrba et al., 2000 Vrba et al., , 2003 . The adverse effect of acidification on aquatic biota was brought about not just by increasing acidity per se, but rather by increasing concentrations of metals, namely aluminium. Metals such as aluminium are highly toxic to fish and invertebrates if present in the inorganic form (Steinberg & Wright, 1994; Havas & Rosseland, 1995) .
Since the mid 1980s, emissions have declined and the hydrochemistry of the Bohemian Forest lakes has exhibited a significant reversal from acidity. The geochemical model MAGIC (Cosby et al., 1985; Hruška et al., 2002) forecasts further advancement in this process. According to this model leaching of sulphate and base cations from soils should decline to their levels at the beginning of the 20 th century, and aluminium concentrations in lake water to their levels in the 1950s (Majer et al., 2003) . The increase in pH and decrease in concentrations of Al and several trace metals in Bohemian Forest lakes from 1984-1995 was documented by Veselý et al. (1998) .
While the reversal of hydrochemistry can be predicted by dynamic modelling, the biological recovery, in the sense of the restoration of aquatic communities damaged by local extinction of species, cannot be predicted on time scales of years or even decades. This is especially true for isolated mountain headwater lakes which are not connected to each other by waterways, which is the case for all Bohemian Forest lakes. The natural dispersal of freshwater metazoan fauna (in contrast to microbes) is a stochastic process depending on a suitable vector (wind, water birds, flying aquatic insects, wild mammals), by means of which propagules (resting eggs or other inactive stages) are transferred passively from one site to another. The successful establishment of a new population depends on the size of inoculum as well. The ultimate fate of a newcomer depends on both abiotic conditions and biotic interac- tions at the new site (Cáceres & Soluk, 2002; De Meester et al., 2002) . Cladoceran populations which disappeared at the peak of acidification may be re-established by hatching from ephippia deposited in the sediment. Nilssen & Waerwagen (2002) reported on a massive return of Daphnia longispina to lakes in southern Norway which followed either liming or a reversal of hydrochemistry upon decreasing emissions. They concluded that the most probable origin of the recovered D. longispina was hatching from sediment egg-banks. Sediment of Bohemian Forest lakes has been repeatedly disturbed, so that ephippia from the past lie often at the sediment surface (Petrusek et al., 2003) ; however, these ephippia are apparently not viable. Faustová et al. (2004) tested ephippia in short sediment cores from Černé Lake, Čertovo Lake and Plešné Lake. They found many ephippia, but most of them were either empty or their content was obviously degraded and attempts hatching ephippia from the three lakes were unsuccessful. The authors assume that in the three lakes recovery of Daphnia populations from autochthonous sources is unlikely.
Comparing the past and present fauna and hydrochemistry of the lakes under study, we have concluded that some of them which lost key zooplankton species in the past could possibly support them again at present. The main objective of the present study was to test this hypothesis.
Study sites, material and methods
At first, the hypothesis was tested by a laboratory bioassay using an indicator zooplankton species exposed to water from different lakes: Černé Lake (CN), Čertovo Lake (CT), Laka Lake (LA), Prášilské Lake (PR) and Plešné Lake (PL) Geographical position of the lakes under study: CNČerné Lake; CT -Čertovo Lake; LA -Laka Lake; PR -Prášilské Lake; PL -Plešné Lake.
( Fig. 1 , Tab. 1); the method was specifically designed for this particular objective. After preliminary trials we choose the cladoceran Daphnia longispina (O.F. Müller, 1776) from Prášilské Lake as a species suitable for the bioassays. Populations of the D. longispina group (not distinguishable to species level from subfossil remains) disappeared from Černé, Čertovo and Plešné lakes (Tab. 2). Prášilské Lake was acidified to similar values of pH as the three other lakes mentioned above, but concentrations of ionic aluminium in Prášilské were never so high as in those three (Tab. 1).
Water samples for experiments were taken from the surface of each lake tested; Daphnia was sampled by vertical hauls of a plankton net from Prášilské Lake. Altogether, five standard experiments were carried out: in October 2002 and in July, August, September, October 2003. Both Daphnia and lake water were kept at a temperature close to that of the lakes until the sampling at all lakes was finished. Table 1 . Mean ± 2 SE, range.
tal bottles and transported to the laboratory in Prague. The bottles, made of transparent plastic (PET), of 1.5 L volume, were filled with 1.3 L of lake water. They were laid in a horizontal position in a thermostat, and the temperature was set to the actual value of the upper metalimnion. The 24-h cycles of dim light/darkness were set according to the date of sampling. The exposures lasted 10-15 days: they were shorter at higher temperatures and vice versa. Altogether 30 bottles (6 lakes, each with 5 replicates) were exposed in each bioassay. At the end of the experiment, all live and dead animals, both adults and also the young Daphnia that hatched during the exposure, were counted. Mortality in adults and juveniles was evaluated separately.
Water from the lakes differed in the amount of algae and other particulate matter which served as food for Daphnia. No attempt was made in order to increase the amount of food in the experiments. The reason for keeping water in the experiments intact was our apprehension that any input of organic matter could influence speciation of Al (and possibly other metals -see VESELÝ et al., 1998) , with unpredictable effects upon their toxicity. The inevitable effect of starvation the experimental animals was tested by exposing Daphnia in water with and without natural food. Phytoplankton and other food particles were removed by filtering lake water through polycarbonate filters. The filtration was carried out in two steps: (i) vacuum filtration through filters of 5 µm porosity and (ii) pressure filtration through filters of 0.8 µm porosity. Chlorophyll-a concentrations, as rough estimates of the amount of algae, were measured at the beginning and the end of exposures. Chlorophyll-a was determined fluorometrically (retention of algae on glass fibre filters Whatman GF/C, extraction in hot acetone -methanol mixture, measurement using a Turner TD-700 laboratory fluorometer with a non-acidification kit); more details in FOTT et al. (1999) . Occasionally, cell numbers of dominant species of algae were counted as well, using a standard sedimentation technique. 
Results and discussion

Bioassay
An overview of all experiments is shown in Fig. 2 . The response of Daphnia to water from the different lakes varied substantially, with one notable exception: in Plešné Lake (PL), the mean survival was 92% and variation in survival was the lowest among all the lakes. The obvious reason for occasional high mortality in lake water with suitable hydrochemical parameters (LA, PR) was starvation of the animals during the experiments. Daphnia fed by removing algae and other organic particles from suspension and if the starting concentrations were low, they could decline below the threshold concentrations required to maintain the energetic balance. On two occasions (July and August 2003) water from Plešné Lake was filtered in order to get a variant without food (PL-F) contrasting to lake water rich in phytoplankton. Removing food particles lowered survival in the filtered lake water considerably (Fig. 3) . It was discovered (Fig. 4) that starting concentrations of algal food in CN, CT, PR and LA were often ∼2 µg L −1 chlorophyll-a or lower, and that the final Table 1 . Mean ± 2 SE, range.
concentrations were close to zero. In PL, however, the starting chlorophyll concentrations ranged from 4 to 8 µg L −1 chlorophyll-a, and the final ones were never below 1 µg L −1 . In August 2003 the main groups of phytoplankton were counted at the beginning and the end of the exposure (Fig. 5) . The data on changes in cell numbers are in accordance with those on chlorophyll concentrations, showing favourable food conditions in LA and PL. There is, however, no explanation for the relatively high mortality in LA in the August experiment.
All Daphnia selected for the experiments were adult parthenogenetic females, bearing eggs or embryos in their brood pouches. Juvenile Daphnia hatched during the experiments; some of them died, while some of them survived until the end of the exposure (Fig. 6) . The total number of juveniles (live + dead) in each Restoration of zooplankton Explanations: Years indicate the last observation of the species, after which it has not been recorded. Subfossil -the species found only as remains in the sediment. Never -the species was never recorded in the lake. Until now -the species was first recorded in 1871/72 and it has been observed frequently in the last ≈ 25 years. The two species printed in bold letters were experimentally transplanted from PR to PL in 2004 (this study).
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bottle was lowered by mortality of the adults; moreover, some juveniles which died early in the experiment may not have been recognized and counted. This makes the interpretation difficult. Nevertheless, it can be concluded that numbers of live and dead juveniles were not different in water from Plešné Lake (PL) and Prášilské Lake (PR), i.e., the lake where the experimental animals came from. One reason for high survival of juveniles in water from the originating lake with the lowered food level might have been a high allocation of energy reserves into the eggs, carried out by the adults still in the lake or at the beginning of the experiment. It can be concluded that in all of the 5 experiments conducted in 2002-2003, the highest survival (the lowest mortality) of Daphnia longispina was in water from Plešné Lake. This resulted from the combination of (i) mesotrophic status of the lake, providing a rich supply of food to the experimental animals, and (ii) sufficient reversal of hydrochemistry which made the water less toxic. In water from the other lakes we were unable to distinguish between mortality caused by adverse hydrochemistry (toxicity) from that caused by starvation.
Summarising the results of our experiments, we conclude that the experimental design did not allow us to assess the toxicity of lake water from oligotrophic lakes CN, CT, PR, LA with low starting concentrations of food. Probably the only suitable way to achieve this goal would be flowthrough experimental systems fed by lake water from particular lakes with natural concentrations of food. It was beyond our possibilities to perform this in a remote laboratory in Prague. On the other hand, the experiments identified Plešné Lake as the best candidate for the successful re-introduction of at least some of the missing indigenous species, which led finally to the large-scale experiment described below. The suitability of PL was far from being obvious at the beginning.
Despite the evident reversal in pH and Al i (Tab. 1, see also Fig. 1 in Vrba et al., 2004) Plešné Lake has still retained some features of chronically acidified lakes which have not yet recovered their carbonate buffering system. Although planktonic rotifers in PL increased their abundance by two orders of magnitude in the five-year period 1992-1997, their biomass still remained very low (Nedbalová et al., 2006) . From the four species of crustacean zooplankton reported in 1910 (Černy, 1910) only Heterocope saliens (Lilljeborg, 1863) has been present since the 1980s (Tab. 2). According to a 2003 survey of all Bohemian Forest lakes (Nedbalová et al., 2006 ) the share of zooplankton biomass (crustaceans + rotifers) in the total plankton biomass (bacteria + phytoplankton + ciliates + zooplankton) was 2% in PL. Such a low zooplankton biomass was found in the other chronically acidified lakes (CN: 3%, CT: 2%, Rachelsee: 0.1%), while in the lakes with positive acid neutralising capacity (PR, LA, Grosser and Kleiner Arbersee) zooplankton biomass ranged from 15% to 38% (the three lakes not mentioned previously lie on the Bavarian side of Bohemian Forest). In this respect, little has changed since the 1999 survey (Vrba et al., 2003) . A negligible percentage of zooplankton biomass was also characteristic for the most acidified lakes in the High Tatra Mountains, Slovakia (Straškrabová et al., 2000) .
The final step in learning if the persisting absence of indigenous zooplankton crustaceans in PL was due to adverse hydrochemical conditions or due to inefficient natural dispersal, was an assisted dispersal of selected species.
Experimental reintroduction of two zooplankton key species Because the probability of natural dispersal of native crustacean zooplankton to the Plešné Lake is apparently low, we carried out, after obtaining the approval of the Ministry of Environment and authorities of the Protected Landscape Area Bohemian Forest, an experimental transfer of zooplankton from the Prášilské Lake to Plešné Lake. The prevailing zooplankton species in Prášilské Lake are Cyclops abyssorum Sars, 1863 and Daphnia longispina (O.F. Müller, 1776) . Cyclops abyssorum and Daphnia of the longispina group occurred in Plešné Lake (Tab. 2) as well (Frič, 1873; Černy, 1910; Pražáková et al., 2006) . Cyclops abyssorum was last recorded in 1969 (Ošmera, 1971) . Daphnia of the longispina group was last recorded in 1910 (Černy, 1910) , but it might have disappeared much later. The distance between the two lakes is 46 km (Fig. 1) . The live plankton was transported by car in four covered plastic buckets of 25 litres each, on 23 September 2004 (Tab. 3). The densities of the stocked Daphnia and Cyclops, when expressed per unit volume of Plešné Lake, were 1.7 and 1.1 individuals 10 m −3 , respectively. This inoculum was much higher, than could be achieved by any natural means of dispersal. A possible obstacle to Daphnia and Cyclops in surviving as a component of the zooplankton in Plešné Lake is the presence of the large, acid-tolerant, voracious copepod Heterocope saliens, living in the lake (Burckhardt, 1944) . According to our observations, it feeds there on minute phytoplankton (Monoraphidium), large algae, rotifers (Keratella, Brachionus), and small chydorids. However, both Daphnia and Cyclops coexisted with Heterocope in the lake previously (Frič, 1873; Černy, 1910) .
One year later, on 29 September 2005, we found offspring of the implanted Cyclops at a density of about 4 ind. m −3 . The animals, almost all adults, were in a good nutritional state, rich in fat reserves, with females having large ovisacks. Adult females of C. abyssorum were found in May 2006 as well (leg. V. Sacherová).
The implanted Daphnia have not been encountered so far. This fact, however, does not allow us to conclude much as yet. The Daphnia in PR probably do not overwinter as active parthenogenic females, but in ephippia; males and ephippial females were present already in the inoculum transferred to PL. Because the annual production of ephippia may be much higher than the annual emergence of newborn Daphnia from diapausing eggs (Cáceres, 1998) , the actual inoculum to PL could have been much smaller than the total number of transferred females (Tab. 3). For the evaluation of the success or failure in transplanting Daphnia, more time is needed.
From Table 1 it is apparent that even in the chronically acidified lakes CN and CT the recent values of pH and ionic aluminium reversed substantially from those in 1988, just after the culmination of acidity (Vrba et al., 2003) . Regarding pH and Al i , the recent status of CN and CT is even better than that of PR in 1988. Taking into account the survival of Daphnia and Cyclops in PR (Tab. 2) we can still assume that a spontaneous invasion of relatively acidotolerant zooplankton species to CN and CT is already possible. Unfortunately, the design of our bioassay does not allow us to answer this question. While the hydrochemical suitability in CN and CT is still questionable, a biological resistance against invaders (De Meester et al., 2002) is unlikely, as the zooplankton niche is still practically empty in these lakes -less than 3% of the total plankton biomass (Vrba et al., 2003; Nedbalová et al., 2006) and neither fish nor Chaoborus larvae are present.
To our knowledge, there has been one other case of a successful reintroduction of a zooplankter into a damaged community (McNaught et al., 1999; Schindler & Parker, 2002) . The authors reintroduced the copepod Hesperodiaptomus arcticus Marsh into a small lake in the Canadian Rocky Mountains. The aim was the reconstruction of the plankton community formerly damaged by the stocking of alien fish. The population was detectable already the next year after the implantation, and it increased exponentially at approximately 10 fold per year for the next few years.
The further fate of Cyclops and Daphnia at Plešné Lake will be monitored.
